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Heterotopic ossification (HO) is a common and debilitating complication of burns, traumatic brain injuries, and
musculoskeletal trauma and surgery. Although the exact mechanism of ectopic bone formation is unknown,
mesenchymal stem cells (MSCs) capable of osteogenic differentiation are known to play an essential role.
Interestingly, the prevalence of HO in the elderly population is low despite the high overall occurrence of mus-
culoskeletal injury and orthopedic procedures. We hypothesized that a lower osteogenicity of MSCs would be
associated with blunted HO formation in old compared with young mice. In vitro osteogenic differentiation of
adipose-derived MSCs from old (18–20 months) and young (6–8 weeks) C57/BL6 mice was assessed, with or
without preceding burn injury. In vivo studies were then performed using an Achilles tenotomy with concurrent
burn injury HO model. HO formation was quantified using mCT scans, Raman spectroscopy, and histology.
MSCs from young mice had more in vitro bone formation, upregulation of bone formation pathways, and higher
activation of Smad and nuclear factor kappa B (NF-kB) signaling following burn injury. This effect was absent
or blunted in cells from old mice. In young mice, burn injury significantly increased HO formation, NF-kB
activation, and osteoclast activity at the tenotomy site. This blunted, reactive osteogenic response in old mice
follows trends seen clinically and may be related to differences in the ability to mount acute inflammatory
responses. This unique characterization of HO and MSC osteogenic differentiation following inflammatory
insult establishes differences between age populations and suggests potential pathways that could be targeted in
the future with therapeutics.
Introduction
Heterotopic ossification (HO) is a clinically devastat-ing complication of trauma, including automobile acci-
dents, traumatic brain injury, major burns, fractures, pressure
ulcers, and orthopedic surgery; HO often results in joint
contractures, nerve entrapment, and persistent pain. Over
65% of military personnel sustaining major combat wounds
develop HO as concomitant injuries with major inflamma-
tory insults such as blast injuries and fractures [1,2]. In ci-
vilian populations, HO complicates over 60% of major burn
wounds and 20% of orthopedic procedures and traumatic
brain injuries [3]. The tendency to develop HO following
musculoskeletal trauma is apparently age-dependent. In
2010, the National Inpatient Sample (NIS) showed that more
than 41% of patients suffering from HO as a principal diag-
nosis were between the ages of 18–44, whereas less than 18%
of patients were over the age of 65. This is in stark contrast to
the total number of upper and lower extremity fractures and
joint replacements, with over 54% of these injuries sustained
by patients over the age of 65 (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/scd) [4]. Some possible explanations of this phenome-
non could include a diminished response to inflammatory
insult with age, differences in the cells responsible for HO
formation [mesenchymal stem cells (MSCs)], slowed bone
remodeling and general loss of bone quality, or differences in
the severity of musculoskeletal trauma sustained between
older and younger patient groups.
Whereas several interesting reports describe reduced ec-
topic bone formation following exogenous implantation of
osteogenic materials, the effect of age on trauma-induced
HO has yet to be examined [5]. An accepted paradigm of
HO formation includes three key components: multipotent
progenitor cells capable of forming bone, a permissive
niche, and an inciting inflammatory incident [6–8]. The
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majority of current literature supports a role for MSCs in
modulating HO [9–12]. This is further confirmed by the fact
that we observe trauma-induced HO to occur through an
endochondral ossification process. With this paradigm of
MSC involvement in mind, and the discrepancy between
young and old patients seen clinically, questions arise about
the effect of age on MSC differentiation. Recent studies
have compared the in vitro differentiation capability of
MSCs with varying donor age, but report some conflicting
results [13,14]. Of particular interest regarding the role of
MSCs in HO formation is their osteogenic response to
global inflammatory insult. In patients with burn injury, this
inflammatory response is characterized by elevated levels of
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a)
[15]. At the cellular level, the response to acute inflammation
is characterized by the activation of nuclear factor kappa B
(NF-kB), which affects diverse cellular processes, including
proliferation, apoptosis, and differentiation [16]. Thus the
response to inflammation delivered by TNF-a signaling may
have an important effect on ectopic bone development by
regulating NF-kB action on stem cell differentiation.
Recent studies have found that bone morphogenetic
protein (BMP) signaling through the Smad pathway plays an
essential role in coordinating both osteogenic and chon-
drogenic differentiation of MSCs to form HO [11,12]. BMP
signaling is normally initiated by the binding of ligands to
signaling complexes composed of BMP type II and type I
receptors, which phosphorylate BMP responsive Smads 1/5/
8 which subsequently regulate osteogenic and/or chondro-
genic gene transcription. Mammalian BMP ligands (BMP-2/
4/6/7) are known to recruit preosteoblasts and induce MSC
osteogenic differentiation [17]. In brief, endochondral ossifi-
cation occurs through the condensation of MSCs into chon-
drocytes, which form a cartilage precursor to bone. This
cartilage precursor is then replaced by mature osteoid. Thus,
we expect both that our young and old mice will develop HO
through an endochondral process, however, we would expect
more canonical Smad1/5/8 signaling and final HO formation
in young mice.
In this present study, we examine differences both in vitro
and in vivo in the inflammatory response and tendency to
form ectopic bone in young and old mice. Critically sig-
nificant to this study is the use of an animal model that
mimics the conditions responsible for HO in human patients,
namely musculoskeletal trauma and burn injury. This model
provides functionality to examine osteogenic signaling fol-
lowing trauma without the exogenous implantation of ex-
ternal osteogenic signals or a genetic mutation. In this study,
we demonstrate that burn injury results in increased osteo-
genic capacity of MSCs in young mice and that this effect is
blunted in old mice. Furthermore, in an Achilles tenotomy
burn model, young mice developed more HO and suffered
from greater restriction in their range of motion (ROM) than
old mice.
Materials and Methods
Animals
Old (age 18–20 months) or young (age 6–8 weeks) C57/
BL6 male mice from the Jackson Laboratory were used for
all experiments. The span of 18–24 months has been defined
as old and corresponds with humans age 56–69 [18]. All
animal procedures were carried out in accordance with the
guidelines provided in the Guide for the Use and Care of
Laboratory Animals: Eighth Edition from the Institute for
Laboratory Animal Research (ILAR, 2011) and were ap-
proved by the Institutional Animal Care and Use Committee
of the University of Michigan (PRO0001553).
Burn injury and isolation and culture of primary
adipose-derived mesenchymal cells
Thirty percent total body surface area (TBSA) partial
thickness scald burn injury on the dorsum was performed as
previously described [19,20]. Mouse MSCs were harvested
from the inguinal fat pads of mice 2 h after burn injury or
nonburn control (n= 3 per group) as previously described
[21]. This MSC source has previously been shown to be
capable of bone formation both in vivo and in vitro [22].
Adipose-derived MSCs were chosen as a proxy for the still
unidentified mesenchymal cell responsible for HO formation
based on the availability and ease of use. Furthermore, we
have found the effect of burn injury on MSCs from adipose
tissue to mimic that of local MSCs and bone marrow-derived
mesenchymal cells. Cells were passaged three times before
being used for osteogenic assays.
In vitro osteogenic differentiation of MSCs
MSCs were seeded in triplicate onto six-well plates at a
density of 100,000 cells/well and onto a 12-well plate at a
density of 35,000 cells/well as previously described [21,23].
Growth media were substituted for osteogenic differentiation
media (ODM: Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, 10mM b-glycerophosphate, 100mg/mL ascor-
bic acid; Invitrogen). Early osteogenic differentiation was
assessed by alkaline phosphatase (ALP) stain and quantifi-
cation of ALP enzymatic activity after 7 days as previously
described [21,24]. Alizarin red staining for bone mineral
deposition and colorimetric quantification was completed at 2
weeks as previously described [21,25].
Quantitative polymerase chain reaction
RNA was harvested from cells after 7 days in ODM using
the RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s specifications. Reverse transcription was performed
with 1mg RNA using the Taqman Reverse Transcription
Reagents (Applied Biosystems). Quantitative real-time poly-
merase chain reaction (PCR) was carried out using the Ap-
plied Biosystems Prism 7900HT Sequence Detection System
and Sybr Green PCR Master Mix (Applied Biosystems) as
previously described [21,26]. Specific primers for these genes
were chosen based on their PrimerBank sequence and can be
found in Supplementary Table S1.
Western blot analysis
Cells were lysed and protein collected after 7 days dif-
ferentiation in ODM, separated on polyacrylamide gels,
transferred to polyvinylidene fluoride membranes, and as-
sayed with standard immunoblotting technique using the
following primary antibodies: anti-phospho-Smad1/5/8,
206 PETERSON ET AL.
D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f M
ic
hi
ga
n 
e-
jou
rna
l p
ack
ag
e f
rom
 on
lin
e.l
ieb
ert
pu
b.c
om
 at
 12
/08
/17
. F
or 
pe
rso
na
l u
se 
on
ly.
 
anti-Smad5, anti-phospho-NF-kB, anti-NF-kB (Cell Sig-
naling Technologies) as previously described [26].
Serum collection and enzyme-linked
immunoabsorbant assay
Blood samples were collected from mice 2 h following
burn injury or nonburn control and serum was isolated with
clot activator tubes (n = 3 per group; BD). enzyme-linked
immunoabsorbant assay (ELISA) was performed for IL-6
and TNF-a.
Achilles tenotomy
All mice used for in vivo analysis of HO formation re-
ceived an Achilles tenotomy (n= 4 per group) with sharp
dissection at the midpoint in the left leg as previously de-
scribed [27]. Both old and young mice were further divided
into burn and nonburn groups with the burn group receiving
a 30% TBSA partial-thickness burn injury on the dorsum
immediately following tenotomy procedure.
lCT analysis
In vivo development of HO was assessed with longitu-
dinal mCT scans at 5 days, 3 weeks, 5 weeks, 7 weeks,
9 weeks, and 15 weeks posttenotomy with or without con-
current burn injury (mCT; GE Healthcare Biosciences, using
80 kVp, 80mA, and 1,100ms exposure). Images were re-
constructed and HO volume formation was analyzed using a
calibrated imaging protocol as previously described [27].
ROM analysis
Fifteen weeks posttenotomy, mice were briefly anesthe-
tized and assessed for ROM at the tenotomy site by extending
the ankle with 75g weight to full extension. Photographs
from a fixed distance were taken with the extended ankle
centered on a disk of fixed size. The angle of extension was
assessed by three independent blinded observers using the
ruler tool in the Adobe Photoshop (n= 4 per group).
Raman spectroscopy
Cross sections of the tenotomy site were analyzed on a
Raman microscopy system using macroscopic visualization of
anatomic landmarks and the corresponding mCT scan slices
to define areas of interest for ectopic bone formation as pre-
viously described [12]. Reduced crystallinity and mineral
to matrix band ratio (MTMR) are indicative of immature
mineralized tissue and are markers of HO [27].
Histology
At 15 weeks posttenotomy, animals were euthanized and
the tenotomized leg was fixed, decalcified in a 19% EDTA
solution, paraffin embedded, and sectioned at 5 mm for
staining with Aniline Blue, H&E, and pentachrome for
analysis of ectopic bone development and tartrate-resistant
acid phosphatase (TRAP) staining for osteoclast activity as
previously described [26]. Histomorphometric quantifica-
tion of Aniline Blue staining was completed by summing the
area of HO development on every 15th slide on cross sec-
tions through the tenotomy site. Immunohistochemical
staining with the following primary antibodies: anti-phospho-
NF-kB and anti-NF-kB was completed with 1:1,000 dilution
of an appropriate biotinylated secondary antibody (Vector
Laboratories) and visualized with diaminobenzidine (Zymed
Laboratories) [28,29].
Statistical analysis
Data were analyzed using the SPSS software (v21; IBM).
Means and standard deviations were calculated from nu-
merical data and statistical analysis was performed using an
appropriate ANOVA. Equivariance was assessed with Le-
vene’s test and a Welch correction was applied when indi-
cated. Post hoc analysis was completed with Tukey’s test
with equivariant data or Games-Howell if Levene’s test
failed. In figures, bar graphs represent means, whereas error
bars represent one standard deviation. For all assays, sig-
nificance was defined as a P < 0.05.
Results
The osteogenic capacity of MSCs is increased
following burn injury, but this effect is blunted
in old mice
MSCs were harvested from the adipose compartment of
either young (6–8 weeks) or old (18–20 months) mice 2 h
following burn injury, or nonburn control (n = 4 per group).
Significantly more ALP staining and enzymatic activity was
seen in MSCs from young mice that received burn injury
than their nonburn counterparts (Fig. 1A). However, this
trend was not seen in MSCs from old mice after burn injury.
Instead, quantification of ALP activity in the old burn cells
was similar to nonburn controls; ALP activity of MSCs from
old mice with or without burn injury was similar to MSCs
from young nonburn mice (Fig. 1B). In vitro bone mineral
deposition followed a similar pattern, as assessed by Ali-
zarin red staining (Fig. 1A). Young mouse-derived MSCs
developed over ninefold increase in osteoid formation,
whereas old mouse-derived MSCs only had a threefold in-
crease (Fig. 1C).
Osteogenic and inflammatory signaling is increased
to a greater degree in MSCs derived from young
mice following burn injury compared with old mice
Quantitative real-time PCR was performed on RNA from
these MSCs following burn injury or nonburn control for key
mediators in the bone formation pathway. Transcription
factors osteocalcin (Ocn), runt-related transcription factor 2
(Runx2), and Alp were all significantly increased in the MSCs
from young mice following burn injury (Fig. 1D). This trend,
however, did not occur in old mice as there was only a minor,
nonsignificant increase in osteogenic gene expression.
We next interrogated the BMP signaling pathway by
determining the proportion of activated (phosphorylated)
Smad5 (pSmad1/5/8) protein in these cells after exposure to
ODM for 7 days. A significantly greater ratio of pSmad1/5/8
to Smad5 was observed by immunoblot in MSCs from
young mice following burn injury than in their nonburn
counterparts (Fig. 1E, F). No significant difference was seen
between burn and nonburn cells from old mice, or in the
overall amount of Smad5 protein levels between all groups.
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To assess the systemic inflammatory response following
burn injury, serum was collected at the time of MSC harvest
and analyzed by ELISA. Serum levels of key inflammatory
markers TNF-a and IL-6 were nine times and three times
higher, respectively in young mice that sustained burn injury
than nonburn mice (Fig. 1G, H). However, TNF-a and IL-6
levels were nearly undetectable in serum from old mice even
after burn injury. Young mice clearly respond more vigor-
ously with regard to the level of their inflammatory cytokines
than old mice. In addition to an increase in TNF-a ligand in
young mice, we also noted an increase in signaling through
the NF-kB pathway. As would be expected following in-
flammatory insult, levels of phosphorylated (active) NF-kB
were higher in MSCs from burn mice (Fig. 1E, I).
We next set out to assess if the differences we saw in
MSCs were due to simply higher levels of cytokines such as
TNF-a or if the MSCs from the younger mice differed in
their osteogenic potential. To help differentiate, we treated
MSCs from young and old burn mice to the same level of
recombinant TNF-a and found no difference in osteogeni-
city (Supplementary Fig. S2). Thus, the differences ob-
served are likely due to higher levels of inflammatory
cytokines in the young mice rather than cells that were more
responsive to TNF-a. Furthermore, inflammation following
burn injury has a pro-osteogenic effect on MSCs from
young mice, but this effect, and overall inflammatory re-
sponse, is blunted with age.
Burn injury enhances HO formation in an Achilles
tenotomy model in young mice only
Using our trauma/burn model, we analyzed young and old
mice weekly by mCT. Concurrent burn injury resulted in
significantly increased HO development at the tenotomy site
in young mice starting as early as 5 weeks and reaching
statistical significance at 9 and 15 weeks. Old mice, how-
ever, formed little tenotomy site HO with or without a burn.
Also of note, the burn injury did not seem to have a pro-
osteogenic effect as it did on the young mice. (Fig. 2A, B).
Very little HO formation was observed in the old mice even
at late time points. This trend of HO development increasing
with inflammation caused by burn injury correlated well
with ROM studies. As was found for the quantification of
HO growth, only the young burned mice had a significantly
reduced ROM, resulting in a significantly restricted angle of
ankle extension (Fig. 2C, D).
FIG. 1. Burn injury enhances the osteogenic and inflam-
matory signaling as well as the osteogenic capacity of
mesenchymal stem cells (MSCs) to a greater degree in
young mice compared with old mice. (A) Alkaline phos-
phatase (ALP) and Alizarin red stain of mouse MSCs har-
vested 2 h after burn injury or nonburn control. Positively
staining cells indicate expression of ALP, Alizarin red de-
posits indicate in vitro bone formation. (B) Assay based
quantification of ALP activity normalized to overall total
protein content. (C) Colorimetric quantification of Alizarin
red staining. (D) Quantitative real-time PCR for Alp, runt-
related transcription factor 2 (Runx2), and oseteocalcin
(Ocn) mRNA expression in MSCs after 7 days exposure to
osteogenic differentiation media (ODM). (E) Immunoblot
of protein extracted from MSCs after 7 days in ODM
for pSmad1/5/8, Smad5, phosphor-nuclear factor kappa B
(pNF-kB), NF-kB, and aTubulin as loading control. (F)
Densitometry analysis of Smad signaling showing signifi-
cantly increased ratio of phosphorylation (pSmad1/5/8) in
the cells from young mice that received burn injury. (G)
Enzyme-linked immunoabsorbant assay (ELISA) analysis
for levels of inflammatory cytokine tumor necrosis factor-
alpha (TNF-a) and interleukin-6 (IL-6) (H) in mice fol-
lowing burn injury or nonburn control. (I) Densitometry
analysis of NF-kB signaling showing phosphorylation of NF-
kB was significantly increased in cells from old and young
mice following burn injury, but was more pronounced in
young mice. Data are means–SD, n= 3 for all assays.
*P< 0.05, **P< 0.01.
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FIG. 2. Young mice developed more
heterotopic ossification (HO) following
burn injury and suffered more pro-
nounced joint contracture. (A) mCT
scan image reconstruction showing ad-
vancement of HO longitudinally over
15 weeks. Gray areas represent HO
formation. A large nidus of HO devel-
oped in the young burn mice, but was
absent in old burn mice, indicated by
the circle. (B). Quantification of ectopic
bone at each mCT scan time point. (C)
Representative images of range of mo-
tion (ROM) testing by maximum exten-
sion at the ankle 15 weeks following
tenotomy with or without concurrent
burn injury. (D) Measurement of maxi-
mum extension angle at the ankle, which
was most significantly reduced in young
burn mice. Data are means–SD, n= 4
for all assays. *P< 0.05.
209
D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f M
ic
hi
ga
n 
e-
jou
rna
l p
ack
ag
e f
rom
 on
lin
e.l
ieb
ert
pu
b.c
om
 at
 12
/08
/17
. F
or 
pe
rso
na
l u
se 
on
ly.
 
Despite differences in the amount of HO formed
between young and old mice, the mineral maturity
(crystallinity) of ectopic bone was not significantly
different, as measured by Raman spectroscopy
Characteristic Raman spectra for bone hydroxyapatite
mineral with bands near 958 cm - 1 were seen in all regions
that corresponded to areas of ectopic bone as identified by
mCT (Fig. 3A). However, overall crystallinity (inverse of the
width of bone mineral band near 958 cm - 1) was signifi-
cantly lower for regions of ectopic bone than for cortical
bone in all groups, except old burn (Fig. 3B). The bone
MTMR was significantly lower for regions of ectopic bone
than for cortical bone in all groups (Fig. 3C). In young mice
with burn injury, the MTMR was significantly higher for all
other HO groups. However, it remained significantly lower
than that of cortical bone (Fig. 3C). Of note, spatial het-
erogeneity and a wider range of MTMRs were observed for
specimens receiving burn injury. Young burn specimens
exhibited the highest heterogeneity in MTMR, whereas
more uniform distributions were observed for old burn mice.
Histologic analysis of tenotomy site confirms
differences in ectopic bone development between
old and young groups
Following the volumetric and qualitative assessments by
mCT and Raman spectroscopy respectively, we turned our
inquiry to the structure and composition of ectopic bone
growth. Characteristic bone structure was identified by pen-
tachrome and Aniline Blue staining on cross sections of the
tenotomy sites at locations, which corresponded to those
identified as HO on mCT scans (Fig. 4A). The amount of HO
apparent in Aniline Blue stain confirmed the significantly
more robust reactive bone formation in young burn mice
over all other groups (Fig. 4B).
Extraskeletal heterotopic bone formation occurs
by an endochondral differentiation in both old
and young mice
We next set out to demonstrate the endochondral nature of
trauma-induced HO in old mice similar to that seen in young
mice. We noted that after a less robust fibroproliferative re-
sponse, pentachrome stain, which includes Safranin O, dem-
onstrated both cartilage and mature bone in the region of HO
separate from the native cortical bone (Fig. 4A). This carti-
lage, which is enveloped by mature bone, occurs in regions
with corresponding formation of bone marrow (Supplemen-
tary Fig. SF3). Thus, both old and young mice develop HO
through endochondral ossification.
The greater HO volume in young mice was not due
to decreased bone resorption compared with older mice
and correlated with regions in which inflammatory
pathways were active before bone formed
In an effort to examine bone turnover, we completed TRAP
staining for osteoclast activity. The site in which osteoclasts
were the most prevalent corresponded with the sites in young
burned mice where there was the most robust HO response
(Fig. 4A). In contrast to young mice, osteoclast activity was
notably diminished in old mice, regardless of treatment. Thus,
the differences observed were not due to older mice having
an increase in bone breakdown. Immunohistochemistry stain-
ing for NF-kB completed on tenotomy sites 5 days postsurgery
with or without burn injury showed similar staining inten-
sity across all four groups (Supplementary Fig. SF4). Upon
FIG. 3. Raman spectroscopic analysis of the tenotomy site demonstrates increased mineral to matrix ratio of HO tissue in
young mice after burn injury. (A) Representative spectra from each treatment group with the key peak measurement for bone
mineral occurring around 958 cm- 1. Raman microscopy using 10 frames per 100mm2 area, 10mm step size, were collected for
cortical bone and for the region where HO was seen through mCT (B). Crystallinity (1/full width at half maximum intensity at
958 cm-1) was seen to be lower in HO versus cortical bone in all groups, except old burn. (C)Mineral to matrix ratio (MTMR)
was significantly lower for HO than cortical bone across all measurements (not indicated on chart), however compared across
HO groups, MTMR for HO in young burn mice was significantly higher. Data are means–SD. *P< 0.05.
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examining phosphorylated NF-kB signaling, however, a more
robust responsewas seen in young burnedmice comparedwith
nonburn or old mice (Fig. 4A). This finding included an ap-
parent confluence of cells surrounding the cut Achilles tendon
that were strongly positive for activation of NF-kB at a loca-
tion correspondent to future ectopic bone formation.
Discussion
HO is a clinically frustrating condition that often affects
adolescent and young adult patients following musculo-
skeletal trauma as well as older patients. It is an especially
pressing concern for trauma, burn, and orthopedic surgery
patients [2]. Our investigation of HO in young and old mice
was inspired by our observation that although the majority
of musculoskeletal trauma and joint reconstruction cases
occur in the elderly population, the majority of HO cases
actually occur in patients less than 65 years of age [4].
Our first course of action in exploring this phenomenon
was to examine the osteogenic potential of MSCs in old com-
pared with young mice. A key factor in the formation of
ectopic bone is a cell population capable of osteogenic dif-
ferentiation. Sufficient evidence suggests that this trauma-
induced HO forms through an endochondral ossification pro-
cess which begins with the condensation of MSCs [12,30–33].
The reduction in osteogenic potential of MSCs from aged
sources has already been reported [13,14]. However, the spe-
cific relationships between the inflammatory insult of a burn
injury, age, and their respective contributions to MSC osteo-
genic differentiation have not been adequately explored. Our
findings that burn injury increases the in vitro osteogenic po-
tential of MSCs from young mice to a significantly greater
degree than in cells from old mice suggest that further study of
the role of MSCs in HO formation is warranted.
Although many cytokines are dysregulated after burn in-
juries, TNF-a has been shown to play a significant role in
burn inflammation in adults and humans. This difference
between young and old mice may contribute to the differ-
ences we see in MSC osteogenesis as MSCs in young mice
are exposed to higher levels of TNF-a, which has been shown
to increase osteogenic differentiation in an acute setting [34].
Having observed an increase in TNF-a after burn injury in
young mice, we next interrogated the role of aging in NF-kB
signaling, a master regulatory transcription factor linking
bone formation and inflammatory signaling [35]. Phosphor-
ylation of NF-kB permits translocation to the nucleus where
gene transcription is activated affecting diverse cellular pro-
cesses, including proliferation, apoptosis, angiogenesis, and
differentiation [16,36]. We found that activation of NF-kB
was increased in both old and young cell populations, as
evidenced by increases in the ratio of phosphorylation (pNF-
kB), suggesting that burn injury increased inflammatory re-
sponse in both age groups. Although increases in both groups
were statistically significant, the difference in activation ra-
tios was larger in young cells. Additionally, TNF-a serum
levels were significantly higher in younger mice. NF-kB has
been shown to have an antiapoptotic effect on osteoclasts
through the transforming growth factor-b signaling pathway
[37]. Thus, an important role of inflammation in HO devel-
opment early on may include enhanced osteoclast activity.
Indeed our TRAP staining results corresponded as those
younger mice had increased bony turnover at the site of HO.
Of particular importance in this study is the agreement of
in vitro and in vivo results on age and bone formation ca-
pacity. While several models exist to study HO formation
in vivo, the advantage of our Achilles tenotomy model is its
physiologic basis that mirrors causes of HO seen clinically
[38]. The resulting formation of ectopic bone is caused
FIG. 4. Histological analysis of HO formation. (A) Sections through the tenotomy site at 3 months or 5 days posttenotomywith
or without concurrent burn injury. Top row: pentachrome stains show organized ectopic bone and cartilage most notable in young
burn samples (indicated by arrows). Second row: serial Aniline Blue stains on cross sections through the tenotomy site were
quantified by histomorphometric analysis after recoloring to include HO and exclude native bone structure and normal tissue.
Third row: tartrate-resistant acid phosphatase (TRAP) staining for osteoclast activity (indicated by arrows) was more robust in
youngmice. Fourth row: immunohistochemistry for pNF-kB showed a band of pNF-kB-positive cells surround the tenotomy site
in young burn mice (arrows) at 5 days posttenotomy and burn injury. This corresponded to the location where HO developed at
later time points. (B) Quantification of HO across serial Aniline Blue sections.
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solely by musculoskeletal and burn trauma rather than by
the introduction of foreign scaffolds, cells, osteoinductive
substances, or genetic mutations. The differences seen in
HO volume and timing may be clinically relevant because
the causes of HO formation (motor vehicle accident, major
burn injury, combat wounds) are similar in nature.
Several unanswered questions remain with regard to the
effect of aging and HO. Signaling through BMP receptor 1
has been shown to play a crucial role in MSC condensation
and endochondral ossification [39]. Additionally Acvr1/Alk2
signaling has been shown to play a key role in mouse models
of congenital HO [40]. Although we show differences in
Smad1/5/8 signaling, it is unknown if this is due to differ-
ences in Acvr1/Alk2 signaling or whether these differences
are due to Alk3 or Alk6. Additionally, the exact BMP ligand
responsible for HO and the differences in HO based on age is
unknown. Recent studies implicate BMP-4, however, clini-
cal reports have shown unequivocally that the use of re-
combinant BMP-2 for indications such as spinal fusion in
humans causes HO [40]. Finally, although we know that
TNF-a and IL-6 are upregulated following burn injury, a
large number of other cytokines are also aberrantly activated
and suppressed and deserve further evaluation [41].
In conclusion, our study indicates that osteogenic and
inflammatory changes associated with aging affect the ten-
dency to form ectopic bone. This effect is seen in vitro at the
level of mesenchymal cells, which tend to increase in os-
teogenic capacity, following burn injury in young mice.
Aging also reduced the in vivo HO response to burn injury
and Achilles tenotomy. These results mirror clinical trends,
but more studies are warranted to further elucidate the
mechanism of HO formation. Key factors leading to these
effects may include inflammatory regulation through NF-kB
and osteogenic regulation through canonical Smad signal-
ing. This study is clinically relevant because it mimics the
clinical observation that younger individuals are at increased
risk of developing HO. This increased incidence in young
patients might be due to increased inflammation. Thus, fu-
ture studies that aim to treat patients at high risk of HO
development might want to focus treatments on younger
patients. For example, current trials of drugs such as cel-
ecoxib, which have significant side effects, might have an
improved risk–benefit ratio if they are used in a younger
patient population.
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